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Abstract

Objective: Understanding how genomic instability could be involved in the regulation and establishment of cell
lineage commitment during embryonic stem cell differentiation would provide crucial knowledge of stem cell biology.
The aim of this study was to determine novel molecular biomarkers located near embryonic developmental genes
responsible for embryonic stem cell signals that govern in vitro early cell fate decisions.

Methods: Analysis of genomic instability in 63 single tandem repeats markers from embryoid bodies at 7, 14 and
30 days of culture samples from H1 and H7 embryonic stem cell lines. Mutation frequencies were determined using
SP-PCR software from M.D. Anderson Cancer Center. Differences in mutation frequencies were calculated with a
two tailed t-test with a p < 0.05.

Results: We determined that the mean values of instability frequencies in embryoid bodies from two different
embryonic stem cells lines showed significant differences across time between them. Different markers became
unstable during spontaneous differentiation showed higher instability frequencies: one marker associated with
pluripotency, nine markers with differentiation, and eight markers with imprinting. Genomic instability influences the
loss of pluripotency and the gain of cell lineage specialization. Interestingly, the differentiation potential of embryoid
bodies from the two stem cell lines varied. Embryoid bodies from H1 were prone to neuroectoderm differentiation in
comparison to those from H7, which showed functional differentiation into mesoderm (contractile cardiac muscle).

Conclusion: We suggest that genomic instability in repetitive regions could be a signal for cell fate decision during
differentiation among embryonic stem cell lines. Our results indicate correlation of instability in specific markers located
near developmental genes and epigenetic modulators in embryoid bodies that underwent spontaneous differentiation
in vitro. The significance of elucidating possible molecular mechanisms of genomic instability and validation of novel

biomarkers could potentially support the use of embryonic stem cell are safe source for clinical applications.
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Introduction

Embryonic stem (ES) cells are derived from the inner cell mass
of a blastocyst after the first differentiation stage during embryonic
development. During this stage, the embryo loses totipotency and
displays pluripotent characteristics that ensure its potential for
differentiation into the three germinal cell layers [1,2]. ES cells
can differentiate into all cell types of the embryo by spontaneous
differentiation in vitro into embryoid bodies (EB). Colonies of ES
cells can be cultured in suspension with conventional ES cell culture
techniques in a medium supplemented with serum containing
many undefined growth factors that induce differentiation into
EB. Differentiation into EB is a spontaneous process that always
displays a heterogeneous mix of cell populations and is a technique to
demonstrate the pluripotency capacity of the ES cells to differentiate
into all three germinal layers [1,3]. However, these protocols are
inappropriate for obtaining large numbers of homogeneous and pure
cell type populations that are needed for cell regeneration treatments
of human diseases.

Conditions for culture establishment and maintenance are a
constant scientific challenge to improve the methodology used for
this therapeutic aim. Determination and validation of precise growth
factors that direction of ES cell specialization towards a homogeneous
population of a selected germinal layer such as ectoderm for neurons,
endoderm for pancreatic cells, or mesoderm for cardiac muscle cells
still is a work in progress. Several approaches have been reported for
supplementing media with specific exogenous growth factors that

direct ES cell differentiation to induce mature specialized cell types,
such as noggin factor that induces neural lineage commitment, activin
A that induces definitive endoderm, and bone morphogenic protein
(BMP) plus activin A that induce mesoderm differentiation into early
cardiac muscle cells [4-9].

Differentiation is a constant process of gene modification and
chromatin regulation that is responsible for the specific signals that
induce morphological and functional changes in early cell progenitor
derivatives during embryonic development [10]. Differentiation reflects
the alteration of balance between ES cell pluripotency and self-renewal.
ES cells that differentiate lose pluripotency and gain the lineage-specific
signature that displays specific cell tissue identity through gene and
chromatin modification in the promoter regions of developmental
genes responsible for pluripotency and early cell differentiation [11].
Identification of the molecular switches that regulate differentiation
of early cell progenitors could be used as a tool for target ES cell
pluripotency and achieve differentiation homeostasis.
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Pluripotency, self-renewal, and differentiation signals in ES cells
naturally occur as a result of extracellular environmental stimuli.
Regulation of these specific cellular signals during ES cell maintenance
in vitro contributes to correct cell fate decisions [12]. Genetic and
environmental changes influence the phenotype of the ES cell lines. It is
important to fully characterize ES cell lines for comparative analyses in
order to completely define their identity. Precise and well standardized
biomarkers are needed to characterize ES cells at molecular and
functional levels to ensure their quality and efficiency for cellular
transplant and organ regeneration applications. In addition, this
will be a crucial tool for basic embryonic development, drug testing,
toxicology, and tumorigenesis research.

Several studies reported successful EB formation from ES cell lines
through spontaneous differentiation into the three germinal layers.
Gene expression and epigenetic pattern characteristics that underline
differentiation of ES cell lines in vitro have been widely reported [13-
17]. However, the precise molecular signals that coordinate ES cell
differentiation are not completely understood. Identification of unstable
repetitive sequences of the DNA is a sensitive molecular technique to
evaluate DNA integrity of ES cells. ES cells in culture acquire different
genetic and epigenetic modifications in order to maintain pluripotency
or induce ES cell differentiation into the functional phenotype of
lineage specific neuroectoderm, mesoderm, or endoderm cell layers
[3,16,18].

We determined the genomic instability during spontaneous
differentiation of EB from H1 and H7 ES cell lines. EB samples were
obtained at three time points of EB progression at 7, 14, and 30 days
after differentiation induction. The frequency of genomic instability
in 63 single tandem repeat markers located near pluripotency,
differentiation, and imprinting genes was determinate by calculating
the instability frequency of each sample per marker. The aim of this
study was to determine novel molecular biomarkers for monitoring ES
cell signals that govern differentiation in vitro. We report that genomic
instability could be the signal that leads to ES cell differentiation
through modulation of gene expression and epigenetic modifications
during cell lineage and tissue derivation of cell populations in EBs
from H1 and H7 ES cell lines. Finally, determination of reported single
tandem repeat stability offers a mechanism for characterization as well
as defining new protocols for directing ES cell differentiation in vitro
towards particular cell lineages that are needed for clinical applications.

Materials and Methods

Embryonic stem cell culture conditions

Frozen aliquots from human ES cells HI-WAOI passage 27 and
H7-WAO07 passage 26 were purchased from the National Stem Cell
Bank-Wisconsin International Stem Cell Bank. H1 and H7 ES cells
were seeded onto a mouse embryo fibroblast-CF1 (MEF) feeder layer
previously inactivated with mitomicyn C. The culture medium consisted
of Dulbecco’s Modified Eagle Medium (DMEM) knockout medium
(Invitrogen, Carlsbad, CA) supplemented with 10% knockout serum
replacement (Invitrogen, Carlsbad, CA), 1% antibiotic-antimycotic
(Invitrogen, Carlsbad, CA), 2 ug/ml basic fibroblast growth factor
(b-FGF) (Invitrogen, Carlsbad, CA ), 1% non-essential amino acids
(Invitrogen Carlsbad, CA), and 100 mM L-glutamine (Invitrogen,
Carlsbad, CA) plus p-mercaptoethanol (Sigma Aldrich Saint Louis,
MO). ES cells were maintained in a humidified atmosphere at 37°C in
5% CO,. The medium was changed daily.

Embryoid body formation

For in vitro differentiation of ES cells through embryoid body

formation, undifferentiated ES cell colonies at 3-5 days post-passage,
maintained on a mouse embryo fibroblast (MEF) feeder layer during
15 passages for both ES cell lines, were mechanically dissociated and
transferred into a low attachment petri dish containing embryoid
body (EB) medium. EB medium consisted of Dulbecco’s Modified
Eagle Medium (DMEM) knockout medium (Invitrogen, Carlsbad,
CA) supplemented with 20% fetal calf serum (Invitrogen, Carlsbad,
CA), 1% L-glutamine (Invitrogen, Carlsbad, CA), 1% non essential
amino acids (NEAA) (Invitrogen, Carlsbad, CA), and 0.1 mM
B-mercaptoethanol (Sigma, Aldrich Saint Louis, MO). EBs were
cultured in suspension for 5 days with medium changes every other
day. Then, EBs were transferred to 60 mm center-well culture dishes
(Corning Incorporated, Corning, NY) previously coated with 0.1%
gelatin (Sigma, Aldrich Saint Louis, MO) and cultured for 30 days
with EB-medium in a humidified atmosphere at 37°C and 5% CO,.
During the 30 day culture period, medium was renewed every 2 days,
but less frequent medium changes were made depending on EB culture
density. Samples of EBs in culture were collected at 7, 14, and 30 days
for histopathology, immunohistochemical, and molecular analysis.

Histopathology

EBs were harvested and fixed with formalin (Sigma-Aldrich,
Saint Louis, MO) overnight at room temperature, washed in 1X PBS,
dehydrated with an ethanol wash, and embedded in paraffin. The 5 pum
thick sections from the paraffin embedded EBs were placed on slides.
After deparaffinization of the slide by xylene, alcohol, and water washes,
slides were stained with hematoxylin-eosin for routine histological
examination under microscope.

Immunohistochemical analysis

EB samples attached to gelatin were fixed with 4% paraformaldehyde
(Sigma-Aldrich, Saint Louis, MO) for 15 minutes at room temperature,
washed in 1X PBS, and immunostained (Miltenyi Biotec Inc, Auburn,
CA). The primary antibodies used were rabbit anti-GATA4 polyclonal
antibody (endoderm), anti-myosin heavy chain monoclonal antibody
(mesoderm), and anti-p-III Tubulin clone AA2 alexa fluor 488
conjugated mouse monoclonal antibody (ectoderm) (Chemicon/
Millipore Billerica, MA). Antigen detection was performed with
secondary antibodies; goat-anti-rabbit IgG rhodamine and C5Y
conjugated secondary antibody (Chemicon/Millipore Billerica, MA).
Eachantibodywas diluted to 1:200in 1X PBS with 0.1% Triton X-100and
3% BSA. Nuclei were visualized with 4’-6-diamidino-2-phenylindole
(DAPI) staining (Vysis Abbott Laboratories, Abbott Park, IL). EBs
stained without the primary antibody served as a negative control.
Images were captured using a fluorescence microscope, Axiovert
135, (Carl Zeiss International), with a FITC and Rhodamine filter set.
Fluorescent intensities were measured with a semi quantitative method
using image software developed at the National Institute of Health
(Bethesda, MD, USA). Accumulation of fluorescence was calculated by
averaging the fluorescent ratio between exposed and unexposed areas
in the nuclei.

DNA isolation

DNA was prepared from each sample of EBs (7, 14, 30 days of
differentiation induction) that were previously collected in 1X PBS by
mechanical disruption in pieces under a stereomicroscope. Samples
from EBs and cell suspensions were isolated with the Purelink™ genomic
DNA mini-kit (Invitrogen Carlsbad, CA) following the manufacturer’s
protocol. All DNA samples were quantified using a NanoDrop™
ND1000 spectrophotometer (Thermo Scientific, Wilmington, DE).
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Determination of genomic instability with single cell PCR

Analysis of genomic instability of all DNA samples (listed
previously) was carried out using 63 STR markers. 11 markers were
located near promoters of pluripotency genes, 32 markers were related
to differentiation genes, and 20 markers were related to imprinting
genes (Table 1). Total reaction volume of fluorescent multiplex PCR
reactions was 10 pl containing 1X of 10X buffer D, 2.5 mM of MgCl,
1.25 U of Hot-MultiTaq DNA polymerase, 1X of Solution L (these four
reagents are from US DNA, Fort Worth, TX), 4% of DMSO (Sigma
Aldrich, Saint Louis, MO), 0.4 mg/ml of BSA (Thermo Scientific,
Rockford, IL), 300 uM of dNTPs (Applied Biosystems, Foster City,
CA), and primer sets at a final concentration ranging between 0.2-2
uM (Supplementary Table 1). Each replicate contained 9 ul of master
mix with 1 pl of DNA at a concentration of less than a single diploid
genome-equivalent (25-50 pg/pl). This DNA concentration allowed
detection of wild type and mutant alleles in the same replicate [19].
48 replicates for each marker and each sample with appropriate
negative controls were amplified. PCR was performed on a PE 9600
thermocycler using a ramping protocol: 1 cycle of 95°C for 11 minutes;
1 cycle of 96°C for 1 minute; 10 cycles of [94°C for 30 seconds, ramp 68
seconds to 58°C (hold for 30 seconds), ramp 50 seconds to 70°C (hold
for 60 seconds)]; 25 cycles of (90°C for 30 seconds, ramp 60 seconds
to 58°C (hold for 30 seconds), ramp 50 seconds to 70°C (hold for 60
seconds)); 1 cycle of 60°C for 30 minutes for final extension for adenine
addition; and hold 4°C. Negative controls without DNA were included
to check for contamination.

Fluorescent PCR products (0.5 pl) were denatured in formamide
(4.35 pl) (Applied Biosystemss, Foster City, CA) and size standard
Genescan 500-LIZ (0.15 pl) (Applied Biosystemss, Foster City, CA),
to be detected by capillary electrophoresis on an AB3130xl Genetic
Analyzer (Applied Biosystemss, Foster City, CA). Fragment size of
alleles was estimated by GeneMapper software version 4.0 (Applied
Biosystemss Foster City, CA). In each single cell replicate the allele
size was compared and scored with the internal lane size standard. 48
replicates per sample and negative controls were amplified and scored
for both ES cell lines samples.

Statistical analysis of genomic instability

Mutation frequencies were determined using SP-PCR software
version 1.0 (M.D. Anderson Cancer Center Houston, TX). Differences
in mutation frequencies were calculated with a two tailed t-test using
raw mutation frequencies in the statistical package SAS/win 9.2 (SAS
Institute, Cary, NC) to determine statistically significant differences
(p-value < 0.05) in the mean mutation frequencies of informative

Pluripotency Differentiation

OCT 4 D16S3034 D6S1698
D181656 D12S81719 D10S1653
D18551 D482623 D11S909

D1251682 D2S134 D5S2021
D1S2630 D11S1331 D18S63
D6S2384 D4S1625 D4S1542

D6S416 D18430 DXS981
D282327 D2S290 D14S588
NANOG D3S1583 D382459
D9S1840 DXS458 D17S82180

D21S1909 EGFR

markers. Marginally significant differences were considered if the
p-value < 0.10.

Results

ES cells spontaneously differentiate into embryoid bodies in
vitro

ES cell pluripotency is evaluated by the efficiency with which they
form EBs and drive ES cell differentiation into the three germinal
layers symmetrically and spontaneously upon removal the MEF feeder
layer, and supplementing of the medium with 20% fetal calf-serum
(5,20]. Initially, our EBs developed compact and tri-dimensional cell
aggregates in suspension during the first 7 days. Once they attached, EB
aggregates began to spread and display an irregular shape distribution.
This was indicative of differentiation into a heterogeneous mix of cell
populations derived from the three germinal layers from day 7 to day
30 after induction of EB differentiation. Microscopic morphology of
EBs was determined with stained paraffin-embedded sections. The EB
morphology showed stratified keratinizing epithelium (characteristic
of ectoderm), cardiac muscle (characteristic of mesoderm), and
pseudostratified columnar epithelium (characteristic of endoderm)
(Figure 1). The morphology, coupled with the expression of specific
immunofluorescence markers (B-III tubulin-ectoderm, Myosin-
mesoderm, and GATA4-endoderm), confirmed that H1 and H7 ES cell
lines maintained the capacity for spontaneous differentiation into EBs
that display a mixed population of cells from the three germinal layers
during in vitro culturing (Figure 2).

Genomic instability is present during ES cells differentiation
in vitro

During early determination of cell fate, genes responsible for cell
differentiation are activated and pluripotency genes are turned off.
The molecular mechanisms that induce these gene expression changes
are unclear [21]. The aim of this study was to determine if genomic
instability was present at this time and could possibly be a signal of ES
cells’ spontaneous differentiation. ES cells that efficiently differentiate
into EBs were evaluated for genomic instability with 63 single tandem
repeat markers at three time points (7, 14, and 30 days) after EBs
culture establishment were analyzed. Significant mean frequencies
of instability in 18 out of 63 markers were detected. Markers located
near differentiation and imprinting genes displayed higher instability
frequencies compared to markers located near pluripotency genes.
Only one marker located near a pluripotency gene showed significant
instability (D1S551). In comparison, nine markers located near
differentiation genes were significantly unstable (D1653034, D16S3090,
D14S588, D11S4090, D3S1583, D1S468, DXS1208, D4S2623, and

Imprinting

D16S3091 D7S488 DNMT3

D1S468 D6S1001 GRB10PROM

TNFa3 HISTH4A D20S821
D15S983 HISTHB2 IGF2R
DXS1208 D10S529 DIRAS3PROM

D5S426 D22S447 PEG10PROM
D3S1541 D8S11268 SNURF10PROM

(60405 D22S941 IGF2PROM
D3S1611 D75638 IGF
D11S2179 D6S2252

D2S144

Table 1: List of single tandem repeat markers analyzed in samples of embryoid bodies from H1 and H7 ES cell lines. Ten markers were related to pluripotency genes,

33 were related to differentiation genes, and 20 were related to imprinting genes.
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Figure 1: Histological characterizations of embryoid bodies from ES cells.

A, B, and C are from EBs at 14 days after in vitro differentiation showing
typical morphology and histology characteristics of differentiated tissues
from the three germinal layers. (A) Neural epithelium characteristics in an
ectoderm layer. (B) Mesenchymal characteristics in a mesoderm layer. (C)
Pseudostratified columnar epithelium characteristics in an endoderm layer.
Phase contrast images (left panels) are shown with 10X magnification.
Haematoxylin and Eosin stained images (right panels) are shown at 60X
magnification.

Figure 2: Immunofluorescent characterization of embryoid bodies differentiated
from ES cells.

A, B, and C are from EBs at 14 days after in vitro differentiation. (A) EB
showing Blll-tubulin positive expression (green) which is characteristic of
neuroectoderm differentiation. (B) EB showing myosin positive expression
(red) which is characteristic of cardiac muscle (mesoderm differentiation).
(C) EB showing GATA positive expression (orange) which is characteristic of
endoderm differentiation. Nuclei were visualized with DAPI stain (blue) (left
panels). Fluorescence images are show in magnification of 60X.
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Figure 3A: Examples of electropherograms from mononucleotide unstable
markers.

Normal and mutated alleles are identified according to repeat motif shifts.
Mononucleotide markers (IGF2-PROM, GRB10-PROM, and HISTBH2) show
the corresponding normal allele, as well as the mutated allele that was shifted
greater than 3 or less than 3 repeats motifs. Mutated alleles are indicated with
a red star and the number of repeat motif shifts is in parentheses. (-) indicated
a loss of repeat units, while (+) indicated a gain of repeat units. Normal alleles
are shown next to their mutated alleles. Each set of peaks is identified by the
marker name and repeat motif (top row). Shown below each peak is the size
of each allele in base pair (bp). Markers were labeled with either 6-FAM (blue)
or HEX (green) fluorescent dyes.

D18S63), and eight markers related to imprinting were significantly
unstable (IGF2PROM, GRB10PROM, HISTHB2, D6S2252, D25144,
D3S1611, D75488, and D10S529) (Figures 3A-3D). These results show
that genomic instability was detected in specific single tandem repeat
markers during EB differentiation and could be determinate signals for
ES cell fate specialization.

Single tandem repeat instability increased during EB
formation over time

ES cell differentiation occurs in a spontaneous multistep manner,
which results in cell specialization. We found significant differences in
genomic instability among EBs from H1 and H7 ES cell lines over time.
At 30 days post differentiation, EB samples were significantly unstable
in comparison to EBs from 7 and 14 days. Instability frequencies at day
30 were increased two-fold in comparison with the earlier frequencies
(day 7). EBs from H1 showed an instability mutation frequency of
0.018 at 7 days and 0.039 at 30 days, whereas EBs from the H7 showed
an instability frequency of 0.016 at 7 days and 0.036 at 30 days (p<0.05)
(Figure 4). EBs from H1 show an increased number of unstable
markers (n=18) time in comparison to EBs from H7 (n=14). HISTHB2,
IGF2PROM, and D3S1583 were unstable markers at 7 days of EB
culture. In contrast, markers that were unstable at 14 days included
D18S63, D3S1611, D6S2252, HISTHB2, D16S3034, and D3S1583. At
30 days unstable markers: D15468, DXS1208, D2S144, GRBI0OPROM,
D75488, D4S2623, D10S529, D16S3090, IGF2PROM, D1154090, and
D14S588 (Figure 4). These observations confirmed that spontaneous
differentiation occurred at the same time that genomic instability
increased during EB formation. Therefore, genomic instability could
potentially drive differentiation progression in vitro.

Embryoid bodies from H1 and H7 ES cell lines show different
unstable marker profiles

During the last decade, complete gene expression profiles have
been reported for ES cells. Gene expression modifications are due
to ES cell culture maintenance in vitro [21,22]. The aim of this study
was to determining whether EBs from H1 and H7 ES cell lines would
show instability in the same markers. Our study reports that eight
markers showed increased instability in markers for EBs of both ES
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Figure 3B: Examples of electropherograms from dinucleotide unstable markers.

Normal and mutated alleles are identified according to repeat motif shifts.
Dinucleotide markers (D1S468, D2S144, D3S1611, D13S1583, D6S2252,
and D7S488) show the corresponding normal allele, as well as the mutated
allele that was shifted greater than 2 or less than 3 repeat motifs. Mutated
alleles are indicated with a red star and the number of repeat motif shifts is in
parentheses. (-) indicated a loss of repeat units, while (+) indicated a gain of
repeat units. Normal alleles are shown next to their mutated alleles. Each set
of peaks is identified by the marker name and repeat motif (top row). Shown
below each peak is the size of each allele in base pair (bp). Markers were
labeled with either 6-FAM (blue) or HEX (green) fluorescent dyes.

cell lines (D16S3034, D10S529, D14S588, D16S3091, IGF2PROM,
D1154090, D3S1583, and D1S551) (Figure 5 and Supplementary Table
2). EBs from H1 showed the highest significant mean frequencies of
instability in seven additional markers (D1S468, DXS1208, D2S144,
GRB10PROM, D18S563, D3S1611, and D75488) (p < 0.05) (Figure 6
and Supplementary Table 3) whereas, EBs from H7 showed instability
in only three additional markers (HISTHB2, D6S2252, and D4S2623)
(p < 0.05) (Figure 6 and Supplementary Table 4). Notably, unstable
markers in EB from H1 were located near genes involved in early
neuroectodermal differentiation. In contrast, EBs from H7 displayed
instability in markers located near genes involved in mesodermal and
endodermal differentiation. EBs from both H1 and H7 ES cell lines
showed instability in markers related to imprinting genes. Taken
together these results confirm that ES cells showed differential profiles
of unstable markers during EB differentiation in vitro.

Instability in repetitive regions related to differentiation
genes coordinate cell fate decisions

Upon progression of differentiation, gene modifications act as
signals that facilitate cell fate decisions [23-25]. We searched for
possible associations between genomic instability of specific markers
and the differentiation preferences of individual ES cell lines. We
characterized our ES cell lines by morphologic and genomic instability
patterns throughout EB differentiation in vitro. EBs from HI and
H7 ES cell lines showed mixed populations of cells after 30 days of
culturing in EB media supplemented with fetal calf serum. However,
we observed that multiple neural rosette like neuroectoderm structures
were more common in EB cultures from H1 when compared to

EBs from H7 (Figure 7). This is positively correlated with instances
of instability that showed increased mean frequencies for markers
specific to the neuroectoderm layer (D11S4090, D3S1583, D15468,
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Figure 3C: Examples of electropherograms from dinucleotide unstable markers.

Normal and mutated alleles are identified according to repeat motif shifts.
Dinucleotide markers (D10S529, D16S3034, D16S3091, D18S63, and
DXS1208) show the corresponding normal allele, as well as the mutated
allele that was shifted greater than 2 or less than 3 repeat motifs. Mutated
alleles are indicated with a red star and the number of repeat motif shifts is in
parentheses. (-) indicated a loss of repeat units, while (+) indicated a gain of
repeat units. Normal alleles are shown next to their mutated alleles. Each set
of peaks is identified by the marker name and repeat motif (top row). Shown
below each peak is the size of each allele in base pair (bp). Markers were

labeled with either 6-FAM (blue) or HEX (green) fluorescent dyes.
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Figure 3D: Examples of electropherograms from tetranucleotide unstable
markers.

Normal and mutated alleles are identified according to repeat motif shifts.
Tetranucleotide markers (D14S588 and D1S551) show the corresponding
normal allele, as well as the mutated allele that was shifted greater than 1 or
less than 2 repeat motifs. Mutated alleles are indicated with a red star and the
number of repeat motif shifts is in parentheses. (-) indicated a loss of repeat
units, while (+) indicated a gain of repeat units. Normal alleles are shown next
to their mutated alleles. Each set of peaks is identified by the marker name
and repeat motif (top row). Shown below each peak is the size of each allele

in base pair (bp). Markers were labeled with 6-FAM (blue) fluorescent dyes.
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observed between EBs from H1 and H7 ES cell lines. (A) Overall mean values
for mutation frequencies of unstable markers observed in EBs from the H1
ES cell line. (B) Overall mean values for mutation frequencies of unstable

c g'a?lggi g];;l'—;gi E[.)xlsslfz%i markers observed in EBs from the H7 ES cell line. Values represent the
IGF2PROM D18S63 D25144 overall mean mutation frequency of EB sample replicates (n=144) per marker
D351611 GRE10PROM that was calculated with SP-PCR software (MD Anderson Cancer Houston,
D6S2252 D75488 TX). Markers show statistically significant differences p < 0.05 except for
D1653034 D452623 D6S2252 and D4S2623 that show marginally significant differences *p < 0.10.
D105529
D1653090
IGF2PROM DXS1208, and D18S63). In contrast, EBs from H7 showed instability
01154090 in markers related to mesoderm (D14S588 and D16S3091) [26,27], and
D145588 endoderm differentiation (D4S2623) (Table 2). In addition, EBs from

Figure 4: Mean mutation frequencies of unstable markers across EB samples
at three points of time.

(A) EBs from H1 and H7 ES cell lines showed statistically significant
differences of frequencies of unstable markers at 7 days after in vitro
differentiation when compared to frequencies of unstable markers at 30
days after in vitro differentiation (p<0.05). Values represent the overall mean
frequency of unstable markers over three points of time. (B) Phase contrast
image of EBs in suspension at 7, 14, and 30 days after in vitro differentiation
(magnification of 10X) (C) List of unstable markers at 7, 14, and 30 days after
in vitro differentiation
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Figure 5: Unstable markers in embryoid bodies differentiated from H1 and H7
ES cell lines.

Differences in overall mean mutation frequencies were observed between
EBs from H1 and H7 ES cell lines. Values represent the overall mean mutation
frequency of EB sample replicates (n=144) per marker that was calculated
with SP-PCR software (MD Anderson Cancer Houston, TX). D16S3091 and
IGF2-PROM markers showing a highly statistically significance differences
(p<0.001). D16S3034, D10S529, D14S588, D11S4090, and D1S551 markers
show high statistically significant differences (p<0.05). The D3S1583 marker
did not show any significance differences (*).

H7 showed morphological and functional spontaneous differentiation
into contracting EBs, increased cell confluency, as well as increased
contraction rates in the developing EBs (Figure 8). Our results show
that instability in repetitive regions near genes responsible for early
cell differentiation of neuroectoderm and mesoderm were not equally
regulated between differentiation of H1 and H7 ES cell lines in vitro.

Epigenetic modification during spontaneous EB differentiation
aresult from genomic instability

Early embryonic differentiation signals are regulated by epigenetic
changes such as imprinting, chromatin changes, and methylation [28-
30]. We found that specific markers related to imprinting showed
increased frequencies of instability during EB differentiation from both
ES cell lines. Markers associated with tissue specific imprinting genes
(IGF2, and GRBI10), histone genes (HISTHB2, D6S2252, D75488,
and D10S529), de novo methylation genes (D2S144), and DNA repair
genes (D3S1611) showed significant differences in instability in EB
from H1 and H7 ES cell lines. Markers located in the promoter regions
of the genes IGF2 and GRB10 displayed highly significant instability
(p<0.001). The marker near IGF2 was unstable in EBs from both the
H1 and H7, with the highest instability frequency found in EBs from
the H7. The marker in GRB10 however, was exclusively unstable in EBs
from the H1. Additionally, D2S144 was significantly, and exclusively,
unstable in EBs from H1 (p=0.0081) compared with EBs from the H7
that were stable. D10S529 was unstable in EBs from both ES cell lines
but was highly significantly unstable in EBs from the H1 compared
with EB from H7 (p=0.0308). Together, these findings demonstrate
that instability as a molecular signaling pathway might control the
epigenetic changes necessary to induce gene expression changes in ES
cells that are undergoing early progenitor differentiation.

Discussion

Understanding the molecular signals that regulate the decisions
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Figure 7: Embryoid bodies from the H1 ES cell line differentiated into early
neuroectodermal tissue after 30 days.

(A-B) Neural progenitor spheres with extensive cell growth around the clusters
and neurite grew radially from the middle EB sphere (black arrow heads). (B)
Neural rosettes are observed inside the floating spheres (black arrows). (C)
Neural rosette with high confluence of early progenitors that appear after 3
weeks of in vitro differentiation from the H1 ES cell line. (D) Boxed region from
C panel, shown in 60X magnification and displays neuronal generation in the
outgrowth area. Cells generated are in migration status (white arrows). Phase
contrast images (A-C) are at a magnification of 10X.

STR Gene Gene Name Gene Function  References
Chromodomain helicase Embryo
D16S3034| CHD9 DNA binding protein 9 | development Shur, 2006
H2A histone family, Nucleosome | Mathew J, 2010
D108529 | H2AFY2 member Y2 assembly Marcus B, 2009
. Signal
D14S588 PTGDR ' rostaglandin D2 transduction | Boie Y, 1995
receptor (DP)
regulator
Cadherin 13, Growth factor .
D16S3091) CDH13 H-cadherin (heart) activity LiL, 2010

IGF2PRO | IGF2 Insulin-like growth factor, Growth factor | Tabano S, 2010

2 (Somatomedin A) activity Demars J, 2010
. Signal
D1154090 Ncam ~Neuralcelladhesion oo 4iction | Kieene R, 2010
molecule 1
regulator

Retinoic acid receptor, Embryo Elizalde C, 2011

D331583 | RARB bet development | Sheng N, 2010
Regulator of G-protein Signal Charlesworth P,

D1S551 | RGS4 9 o alin Z transduction | 2006 Ebert PJ,

9 9 regulator 2006
. Transcription Berna S, 2010
D1S468 TP73 Tumor protein p73 factor Kim KP, 2007

Table 2: List of genes associated with unstable markers.

Summary of gene characteristics located in close proximity to unstable markers
involved in embryonic development. These eighteen unstable markers were
identified in EBs differentiated from H1 and H7 ES cell lines.

determining ES cell fates in vitro during early progenitor differentiation
can help identify reliable genetic markers that will be useful for
characterizing the mix of cell populations obtained from the three
germinal layers. Careful characterization of ES cells and their cell-
type specific outcomes serve to validate them for prospective clinical

applications that would require specific ES cell progenies isolated from
spontaneous differentiation protocols in vitro. We evaluated single
tandem repeat markers located near embryonic developmental genes
related to pluripotency, differentiation, and imprinting of ES cells, to
determine their stability during spontaneous differentiation of EBs in
vitro.

Normally, ES cells can differentiate into a heterogeneous mixed
population of EB cell types from the three germinal layers in vitro. EBs
can be differentiated into a wide variety of cell types that are functionally
equivalent to in vivo tissues [5,20]. We hypothesized that instability in
repetitive sequences located near important genes responsible for cell
differentiation could control the subsequent cell fate decisions during
the progression of differentiation.

Differentiation is a process where pluripotency of the ES cells is
lost through embryogenesis. ES cells differentiate progressively until
they achieve complete cell specialization and functional cell-tissue
capacities [24,25]. Our results show that EBs undergoing differentiation
accumulates instability in different markers located near possible target
genes that are responsible for early cell differentiation and imprinting.
This is consistent with our results that just one pluripotency marker
was unstable in comparison with nine unstable markers related to
differentiation, and eight unstable markers related to imprinting
during EB culturing. Our data suggest that some pluripotency genes
still act upon progression of differentiation until complete cell lineage
commitment is achieved. In addition, the observation of progressive
instability in markers located near differentiation and imprinting genes
could be the signals of specific cell fate decisions that are required for
each ES cell line.

First, ES cells undergoing differentiation need intracellular and
extracellular signals that vary over time that regulate the transcriptional
factor machinery. This induces cell type specific changes through
completion of lineage commitment [31-33]. During differentiation
induction in vitro, our EBs showed increased cell density after 20 days
in culture. We observed high instability frequencies in EB samples
at 30 days of culture. At that time, maximum efficiency in cell to cell
interaction and cell differentiation was observed, and the confluence
of EBs from H1 and H7 ES cell lines was almost 100%. Our data
support the affirmation that differentiation is a dynamic process where
interaction between cells and addition of chemical supplements to the
culture medium can drive ES cells toward differentiation in addition

- N\

Figure 8: Embryoid bodies from the H7 ES cell line differentiated into cardiac
muscle tissue (early mesoderm) 14 days after in vitro differentiation induction.

(A) EBs differentiated into mesoderm, showing characteristic morphology
of a confluent cardiac lineage. (B-C) EBs differentiated into functional
mesoderm, showing contractile cardiac muscle. Contraction rate frequency
increased over time during in vitro differentiation. (B) Initially, the rate was 50
contractions per minute (cpm) at 14 days of in vitro differentiation induction
(see supplemental file Video005). (C) Contractions increased to 70 cpm after
30 days of in vitro differentiation induction (see supplemental file Video007).
Phase contrast images are at a magnification of 10X.

J Stem Cell Res Ther
ISSN: 2157-7633 JSCRT, an open access journal

Volume 6 « Issue 2 » 1000329



Citation: Esteban-Pérez Cl, Moreno-Ortiz HH, Reichert NA, Wise DA (2016) Genomic Instability during Early Differentiation of Embryonic Stem Cells.

J Stem Cell Res Ther 6: 329. doi:10.4172/2157-7633.1000329

Page 8 of 10

to playing an important role in inducing molecular signals needed to
obtain specialized cell types.

Second, developmental genes are responsible for controlling
differentiation in ES cells. Molecular markers located near specific genes
could be good candidates for the evaluation of cell fate progression
duringembryogenesis. We found significant instability frequenciesin 18
single tandem repeat markers localized near developmental genes. Our
results support the idea that these markers are possible target sequences
responsible for the molecular signals of pluripotency, differentiation,
and imprinting during ES cell commitment specialization of lineage
in vitro. We found important correlations between genes in close
proximity to the unstable markers analyzed in this study. For example,
POU family transcription factor (POUF) is a regulator of pluripotency
that prevents ES cell differentiation. Repression of this gene induces
ES cell differentiation into primitive endoderm [10,24]. D1S551 is a
marker located near the POUF gene and was significantly unstable later
in the EB formation process (30 day sample), indicating that instability
acts as a signal to silence this pluripotency gene, and allows progression
of differentiation of the ES cells. On the other hand, genomic instability
in repetitive regions could be required for selective preference of
differentiation into the three germinal layers during EB progression
in H1 and H7 ES cells. In our study, signaling pathways that control
spontaneous EB differentiation in H1 and H7 in vitro reveal differences
in the capacity to achieve homogeneous cell populations at the end
of differentiation. EBs from H1 and H7 did not differentiate equally
well into the three germinal layers. EBs from HI efficiently promoted
more neuroectoderm structures in comparison to EBs from H7 that
efficiently promoted more mesoderm structures as a functional cardiac
muscle cells. Our observations suggest that H1 and H7 ES cell lines show
specific embryonic differentiation patterns. Interestingly, EBs from H1
and H7 show different molecular patterns of instability. Significant
differences within unstable markers were observed and could be the
source of differences in the noted cell morphological and functional
characteristics. EBs from HI were unstable for markers related to
early neuroectoderm differentiation. For example, D15468 is located
near tumor protein p53 (TP73) gene, which is involved in the cellular
stress response and development. Deletion of this gene is involved in
neuroblastoma [34]. DXS1208 is located near the heat shock 27 kDa
protein 1 (HSP25/27) gene implicated in astrocytic and cortical
degeneration [35,36]. D18S63 is located near the TGF B-induced factor
homeobox 1 (TGIF1), a transcription regulator during development,
and is associated with structural brain abnormalities [37-39]. D1154090
is located near the gene neural cell adhesion molecule 1 (NCAM) that
is necessary for the induction of synaptic plasticity in the hippocampus
[40]. D3S1583 is located near the retinoic acid receptor beta (RARB)
gene, which is a developmental gene responsible for cell growth and
differentiation [41,42]. Additionally, EBs from H1 and H7 ES cell lines
showed instability in markers involved in mesoderm differentiation.
For example, D16S3034 is located near the chromodomain helicase
DNA binding protein 9 (CHD9) gene that is involved in early
osteogenic cell differentiation [43]. D16S3091 is located near cadherin
13 H-cadherin (CDH13) gene that is a mediator of cell-cell interaction
in the heart and negative regulator of neural cell growth [27].

Third, epigenetic modifications are necessary to induce gene
expression changes in ES cells undergoing differentiation into
early progenitor cell types of the three germinal layers (ectoderm,
endoderm, and mesoderm). Chromatin modification is a mechanism
that potentially drives cell fate decisions, cell renewal, and lineage
specialization. Improper silencing or activation of specific genes
induces chromatin remodeling modifications [3,18,21,24]. Changes

in chromatin structure can regulate commitment specialization of ES
cell lineage by modulating gene expression through two ways namely
modification of histones and second and methylation of promoters
regulating specific developmental genes. These modifications ensure
the expression or repression of target genes during cell differentiation.
However, it is not fully understood how these steps are coordinated.
Previous studies have confirmed that histone modifications are
associated with transcriptionally active regions in the genome that
regulate spontaneous differentiation of ES cells in vitro [21,44]. ES cells
that failed to keep their repressive chromatin and lost the capacity to
differentiate into the three germinal layers [3,29]. Consequently, histone
H2A ubiquitination reduction and histone H3 and H4 acetylation
enrichment modifications allow gene transcription to maintain ES cell
pluripotency [28,45]. Our results suggest that instability in repetitive
regions near histone specific genes could be a signal for histone
modification that generates repressive or active chromatin to modulate
gene expression during cell lineage commitment. From our results, four
significant unstable markers that showed high instability are related
to the histone genes HISTHB2 and D6S2252 (HIST1H2AH), both
of which are linker histones responsible for chromatin compaction
[38,46,47]. Another histone gene, D10S529 (H2AFY2), is involved
in inactivation of the X chromosome [48,49]. All three markers were
especially significant in the instability detected in EBs from H7 ES cell
line when compared to EBs from H1. Studies have reported changes in
X inactivation in female ES cells, which was congruent with our results
because the H7 ES cell line is female [48,50]. Marker D7S488 located
near the histone deacetylase 9 isoform 3 (HDAC) gene is responsible
for tissue-specific gene expression during cell differentiation [51].
We found that this marker was exclusively unstable in EBs from H1.
Taken together, our results suggest that instability in these sequences,
which are near specific histone genes, could be a signal for chromatin
modifications that repress expression of pluripotency genes during
spontaneous differentiation.

In addition to chromatin modification by histones, methylation
of gene promoter regions is responsible for establishing the epigenetic
changes that allow for the pluripotency or differentiation status of
ES cells. DNA (cytosine-5)-methyltransferases (DNMT) catalyze
the addition of methyl groups to the cytosines in CpG islands that
are located in promoter regions of genes, and they are responsible
for controlling access of transcription factors to the genome [52].
Changes in methylation during differentiation have been widely
reported [53,54], supporting the idea that methylation is a key gene
regulator of the pathway leading to ES cell fate decisions. D25144
is located near the DNA (cytosine-5)-methyltransferase 3 alpha
gene (DNMT3A) responsible for de novo DNA methylation during
embryonic development, and displays significant instability [55,56].
DNMT3A de novo methylation in ES cell lines induces silencing in
pluripotency and self-renewal genes in the differentiated cells and
prevents de-differentiation or reactivation of pluripotency in somatic
adult tissues [53]. Methylation is the mechanism for gene imprinting
during early embryonic development. We also observed significant
unstable markers located in promoter regions of two genes that are
imprinted in tissue specific manner. Growth factor receptor-bound
protein 10 (GRB10) gene is imprinted in the paternal allele in the
brain and is responsible for modulation of tyrosine kinase activity.
GRBI10 overexpression results in suppression of embryonic growth
[57,58]. Insulin-like growth factor 2 (IGF2) gene, expressed only
from the paternal allele, is involved in embryonic development and
growth [59,60]. Therefore, epigenetic modifications have two essential
functions, regulating cell fate decisions during stages of differentiation
and preserving the cell specialization status throughout the cell’s life.
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Finally, identification of specific target sequences that are
predominantly unstable during spontaneous differentiation might
provide clues to deciphering molecular mechanisms used to
express and/or repress genes during embryogenesis and cell lineage
commitment. In addition, our results reveal a novel molecular tool for
characterizing cell populations according to their genomic integrity
through analysis of unstable markers located near important genes
responsible for early cell differentiation. This novel tool has potential
significance and practical applications for use in regenerative medicine.
To our knowledge, this study is the first to identify potentially
useful biomarkers that can determine the stability of specialized cell
populations differentiated in vitro from ES cells. Further evaluation
of these markers will enable more precise characterizations of ES cells
and cell populations during development, so their applications could
be fully assessed.
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